of benzothiophene was performed to study the catalytic activity of zinc chloride in the desulfurization reaction. Basing on the satisfactory yields of both gaseous and liquid analyses of liquid products confirmed that over the molten zinc chloride, hydrogenation of the sulfur-containing ring took place to yield dihydrobenzothiophene, followed by ring opening at the C-S bond of the saturated part and hydrogenation to produce o-ethylthiophene which then cracked to ethylbenzene, toluene, thiophenol and o-methylthiophenol, releasing H2S and C1-C2 hydrocarbons.
Introduction
Zielke et al.1) demonstrated that a large amount of zinc chloride is an effective catalyst for coal liquefaction. Recently, a U. S. patent2) disclosed that ZnCl2-containing melt also acts as a good catalyst for hydrocracking of petroleum heavy residues. Based on the above information, some studies3)-7) were made on the catalytic activity of molten zinc chloride for hydrocracking pure aromatic compounds. In the course of studies on coal liquefaction, Zielke et al.1),3), 8) have partially investigated the behavior of organic sulfur compounds over zinc chloride; however, their results are not conclusive. This study was undertaken to study the behavior of pure organic sulfur compounds over zinc chloride under hydrogenation conditions, with particular emphasis on the catalytic activity of zinc chloride for hydrocracking of benzothiophene, which is known to be one of the intractable sulfur compounds found in heavy hydrocarbons.
Experimental
Dibenzothiophene and benzothiophene used (Wako Chemical Co., Ltd.) were found to be chromatographically pure after recrystallization from ethanol and methanol, respectively. A sample of dihydrobenzothiophene was prepared by Birch's procedure9). Zinc chloride, Merck Co. certified reagent (98.0% pure lot) was dried before use by heating in a vacuum (10-3mmHg) at 160-a molten mixture of metal chlorides was dried in a Pyrex vessel for 2hrs before use by bubbling dry N2. The hydrocarbons and organic sulfur compounds used for reference were obtained from Wako Chemical Co. Ltd. and Nakarai Chemical Co., Ltd.
The hydrogenation experiments were carried out with an autoclave (Hastelloy C of 100ml capacity) placed vertically in a furnace and set up on a carriage which was shaken 60 strokes per minute so that the inner wall of the autoclave would be protected from corrosion by molten zinc chloride. A Pyrex tube, 24mm i.d., 2mm thick, and 108 mm long was placed in the autoclave. Organic reagents and zinc chloride were separately placed in the Pyrex tube under dry nitrogen atmosphere. After insertion of the Pyrex tube in the autoclave, hydrogen was introduced to 100kg/cm2 pressure. The temperature of the autoclave was then brought to the reaction temperature in 40-60min. and held at that temperature usually for 3hrs. After the autoclave was cooled to room temperature, the gaseous contents were passed through a wash bottle (containing a solution of about 1N iodine) into a gas holder. The solution from the wash bottle was diluted and aliquot portions were analyzed for hydrogen sulfide and for hydrogen chloride Received Jan. 7, 1980 . * Department of Applied Chemistry, Faculty of Engineering, Osaka University (Yamadakami, Suita, Osaka 565) (NaOH titration).
Gas analysis was carried out using a silica gel as a carrier gas. The liquid and solid products were transferred from the autoclave to a weighed bottle and analyzed by gas chromatograph using a hydrogen carrier gas. The products not removed from the autoclave were washed out with ether, which was subsequently removed by distillation. The products remained were subjected to gas chromatographic analysis and they were determined quantitatively using pseudocumene as an internal standard. Assignments of the liquid products were made using Hitachi RMU-6MG type GC-MS. The ether-insoluble material (containing zinc chloride, zinc sulfide and coke deposit) was repeatedly washed with water until free of the chloride. This chloride-free residue was heated with a 6N HCl solution and the hydrogen sulfide evolved was trapped in the iodine solution, and the amount of ZnS formed was determined. The final residue, which will be termed "coke" hereafter, was submitted to microanalysis (C, H, N) and to Eschka analysis(S).
Results and Discussion
3.1 Identification of products Gaseous products were found to be methane, ethane, propane, isobutane, n-butane and mixture of butenes. Propylene was not detected in any of the experiments. A gas chromatogram of the liquid products obtained in the hydrocracking of benzothiophene is shown in Fig. 1 For benzothiophene: C 71.6%, H 4.5%, S 23.9% and H/C 0.75 molten zinc chloride under these conditions is the formation of a large amount of coke. In the absence of zinc chloride (refer to run 6), only traces of coke were observed while H2S yield was 7.6%, about one third of the value of run 2.
Along with the gaseous products, liquid products and coke, a small amount of wax-like material (not measured quantitatively) were produced in runs 1, 2 and 3 ( Table 1 ). The structure of this wax-like material was that of benzothiophene-dimer its mass spectrum {m/e 266 (M+ for C16H10S2), analysis of individual samples of coke obtained in runs 1, 2 and 3 are given in Table 2 together with H/C atomic ratios.
The results of microanalysis and H/C atomic ratio of the coke in run 1 are quite similar to those of benzothiophene. Therefore, the coke produced at the initial step of this reaction is a kind of oligomer and/or a polymer having a benzothiophene skeleton as a unit. This idea is strongly supported by the findings of Benzothiophene-dimer in the reaction mixture which could be one of the precursors of the coke cited above. With the use of dihydrobenzothiophene as a starting material (run 5), the yield of H2S is a little more than twice that of run 2. However, in spite of its high H2S yield, dihydrobenzothiophene produced much more coke Table  3 ), (2) raising H2/feed ratio from 14.0 to 25.0 to improve the hydrogen concentration of the interface above cited between run 2 in Table 1 and run 9 in Table 3 ), (3) using molten zinc chloride whose concentration at the surface is lowered by addition of KCl or LiCl (runs 10, 11 and 12 in Table 3 ), and (4) using as a solvent tetrahydronaphthalene, which acts as a hydrogen donor. Run 7 representing the first test yielded a small amount of coke as expected, but the yield of H2S was 6.5%, indicating that hydrocracking had octhe yield of ethylbenzene was 37.9%, showing that benzothiophene was hydrocracked substantially. In run 9, with H2/feed equal to 25.0, the gas yield was 13.6% and the H2S yield was 19.6%, and both were comparable with those found in run 2. Moreover, the coke formation was suppressed to 3.1%. Run 10 and run 11 showed the results over zinc chloride containing KCl as diluent. In molten zinc chloride, the presence of polynuclear aggregates of (ZnCl2)n is recognized in a large number of studies11),12),13). Addition of an alkali metal chloride might cause depolymerization of polymeric species12), 13) , that seemed to form a complex ion with but slight hydrocracking activity. Run 10 indicated that benzothiophene was fairly extensively hydrocracked over the molten zinc chloride containing 0.2mol of KCl where 24.6% of coke was produced. However, the binary melt of ZnCl2-KCl (1:1mol ratio) used in run 11 gave low yields of coke and gaseous products together with 54.9% of unreacted benzothiophene which was almost equal to the result obtained with run 6 in Table 1 ; and it could be said that this ZnCl2-KCl melt (1:1) did not show any catalytic activity for hydrocracking of benzothiophene under these reaction conditions. These observations are well explained by the findings of the spectroscopic studies in which the addition of an equimolar amount of KCl to ZnCl2 melt leads to the formations of complex ions such as K+ZnCl3-and K2+ (ZnCl4)2-. It was observed that run 10 yielded significant quantities of benzothiophene dimers in spite of the trace quatities of coke produced. On the other hand, LiCl is believed to have a lesser propensity14) than the other alkali metal chloride to forming such a complex ion; thus, it was chosen as a satisfactory additive. Addition of an equimolar amount of LiCl to ZnCl2 reduced coke formation to 13.3%. Therefore, polymeric species of ZnCl2 (including monomeric ZnCl2) are assumed to assist the polymerization of benzothiophene, accompanied with dehydrogenation leading to coke formation at low concentrations of hydrogen. This is the reason as to why the coke formation was suppressed by use of an alkali metal halide as diluent (run 11 and 12). Table 4 summarized the results of hydrocracking of benzothiophene in hydrogen donor solvents. The presence of benzene or naphthalene gave a fairly high yield of H2S along with a fairly large yield of coke. In contrast to these results, the addition of tetralin reduced the coke yield to 2.1% while the extent of desulfurization was negligible. These results could be rationalized by considering that tetralin prevents the polymerization reaction leading to the formation of coke by acting as a hydrogen donor solvent at the interface between benzothiophene and zinc chloridefootnote1) but it cannot footnote 1) When preparing SRC from coal, a donor solvent splits off hydrogen atoms which stabilize the intermediate radicals resulted from coal. In a similar way, the hydrogen atoms released from tetralin probably add to a precursor from benzothiophene which, otherwise, would lead to coke.
eliminate the sulfur atom from the resulting species effectively under these reaction conditions. Based on the above results, the coke formation in the hydrodesulfurization of benzothiophene over zinc chloride was suppressed by efficient mixing of zinc chloride, benzothiophene, and hydrogen; by high hydrogen/feed ratio; by use of hydrogen donor solvent; and by deactivation of zinc chloride polymerization catalysis by addition of KCl or LiCl in such a way as to cause depolymerization of polymeric zinc chloride entities. Since the catalytic activity of zinc chloride for hydrogenation could be fairly low, the addition of NiCl2, which seems to assist hydrogenation of aromatic compounds, to molten zinc chloride is expected to improve the molten zinc chloride-hydrocracking catalysis. By use of NiCl2-ZnCl2-LiCl (1:1:1 molar ratio) as catalyst, the yield of H2S was 56.6 (the maximum value attained in this study), that of gas was 21.9%, and that of coke was reduced to 12.8% which is about half of that attained over ZnCl2 alone (run 2 in Table 1 ). These results could be explained as follows by referring to the findings described above. The addition of LiCl reduces the concentration of ZnCl2 on the melt surface that leads to a lesser amount of coke produced while NiCl2 increases the hydrogenation activity of this melt catalyst, showing the comparative value of H2S yield to H2S produced in the hydrocracking of dihydrobenzothiophene (run 5 in Table 1 ).
Hydrocracking
of dibenzothiophene over zinc chloride The hydrocracking study (runs 1 and 2) was made with dibenzothiophene (Table 5 ). These mole ratios of hydrogen to feed, i.e., 14 to 1 and 50.7 to 1. The higher ratio of hydrogen to feed brought about a high degree of desulfurization (about three times that of run 1). The result of analysis of the gaseous products (run 1) indicated a mixture of 5.2% methane, 4.4% ethane, 2.2% propane, 1.5% butane and 0.3% ethylene. The liquid products consisted mainly of biphenyl, cyclohexylbenzene, methyl or ethylbiphenyl, tetrahydrodibenzothiophene and hexahydrodibenzothiophene. Biphenyl was the main product in contrast to the small amount of cyclohexylbenzene found in the two decomposition runs made under the reaction conditions. This may indicate that desulfurization of dibenzothiophene over zinc chloride splits off H2S to give biphenyl. The initial hydrogenation of the aromatic rings followed by simultaneous breaking of the two carbon-sulfur bonds yielding cyclohexylbenzene along with H2S is expected to contribute little, if any, to the desulfurization reaction.
The significant results obtained here may be summarized as follows: 1) The hydrocracking of benzothiophene over ZnCl2 melt proceeds via hydrogenation of the ring containing sulfur followed by ring opening at the C-S bond yielding o-ethylthiophenol which is then hydrocracked to ethylbenzene, thiophenol, toluene and o-methylthiophenol.
2) The formation of a substantial amount of coke observed when the autoclave is vertically set up on a carriage is considerably suppressed by improving the mixing of hydrogen, molten zinc chloride and feed; increasing the amount of hydrogen; adding a hydrogen donating solvent such as tetralin; and decreasing the surface concentration of (ZnCl2)n by adding an alkali chloride.
3) The dimer of benzothiophene could be the precursor of coke products. 4) Molten ZnCl2 containing NiCl2 and LiCl gives the maximum yield of H2S by hydrocracking of benzothiophene.
